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INLET SENSITIVITY STUDY FOR A SUPERSONIC TRANSPORT 

by Robert W. Koenig 

Lewis Research Center  

SUMMARY 

This report presents a means of comparing inlet performance and weight compro- 
mises. It shows values of inlet drag coefficients and pressure recovery as a function of 
Mach number. These values are systematically varied from reference inlet values. It 
compares the effect of these changes on the basis of payload and passenger carrying capa- 
bility of a fixed-ramp gross-weight supersonic transport. The transport uses  four after- 
burning turbojet engines to fly analytically a 3500 nautical mile mission. 

bleed drag, inlet-total-pressure recovery, skin-friction drag, transonic excess-flow 
drag, and inlet weight. 

This report includes an example that shows assumed inlet drag and weight parame- 
ters for  five inlet types. It compares the changes in inlet parameters to a reference in- 
let. It then relates these changes to passenger carrying capability of the supersonic 
transport, and it compares the inlets on this basis. 

The inlet parameters examined are cowl-lip and nacelle-wave drag, boundary-layer 

INTRODUCTION 

A high-performance engine capable of efficient operation over a wide range of sub- 
sonic and supersonic speeds is required for  the supersonic transport. Since the overall 
performance of the propulsion system is strongly affected by the performance of the in- 
let, the inlet design becomes an important factor in the overall analysis of the aircraft. 
A great deal of analytical and experimental research has been done on various supersonic 
inlets. References 1 to 3 discuss different inlet types, flow stability, pressure recovery, 
drag, and weight characteristics. 

sion takes place. The groups are external-compression, mixed-compression, and 
internal-compression inlets. Each type of inlet has certain drag, performance, and 
operating characteristics. One type of inlet will have high drag and good performance 

Inlet types are classified into three groups depending on where the supersonic diffu- 



while another inlet will have low drag and poor performance. Thus, some more inclusive 
figure of merit than inlet drag o r  performance is required to permit a comparison and 
selection of an inlet that will offer the best compromise design. As an aid in the evalua- 
tion and selection of inlets, this report presents data showing how variations in the basic 
inlet parameters are reflected in an overall airplane criterion, namely, the number of 
passengers, o r  payload. Data are given for  a representative supersonic-transport air- 
plane (fixed arrow-wing airframe; Mach 3 cruise; with afterburning turbojet; 3500- 
nautical-mile range, ramp gross  weight, 480 000-lb) with the belief that the relative ef- 
fect of inlet parameters will be about the same for  other engine-airplane types. 

An example is included that shows the assumed inlet drag and weight parameters for 
five inlet types in order to illustrate how variations in the inlet parameters that were 
studied affect the number of passengers of the supersonic transport when related to a 
reference inlet. 
(1) inlet-total-pressure recovery was varied from 0.70 to 0.95 at Mach 3, (2) excess- 
flow drag coefficient ranged from 0.12 to 0.24 at Mach 1.2, (3) bleed drag coefficient 
was changed from 0 to 0.07 at Mach 3, (4) cowl-lip-wave drag coefficient was changed 
from 0 to 0.10 at supersonic speeds, (5) nacelle-wave drag coefficient was changed from 
0 to 0. 10, (6) inlet-nacelle skin-friction drag coefficient was varied from 0.035 to 0.055 
at Mach 3, and (7) inlet weight was changed *60 percent. 

The parameters and their respective range for  this study are as follows: 

METHOD OF ANALYSIS 

Mission 

The aircraft considered were designed for Mach 3 cruise with a total range of 3500 
nautical miles. The flight path with respect to Mach number and altitude was fixed up to 
Mach 1. At higher Mach numbers, all the aircraft did not fly the same flight path. The 
altitude was allowed to increase as necessary to  avoid the sonic-boom overpressures in 
excess of 2.0 pounds per  square foot on the ground even though they all had the same 
480 000 pounds ramp gross  weight. The instantaneous weight on reaching the sonic 
threshold and fuselage size affect the sonic-boom overpressure; therefore, the flight 
path varied from one case to another. On completion of the climb phase, cruise began at 
the altitude which maximized the Breguet cruise factor. During cruise, altitude in- 
creased so that the Breguet factor was maintained constant at its maximum value. This 
resulted in minimum fuel consumption during the cruise phase of the flight. 
commenced at a range of 3100 nautical miles. A standard flight plan for  the fixed arrow- 
wing airplane in altitude and distance coordinates is presented in figure 1 and is used 
throughout the report as the reference mission. 

Letdown 
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Figure 1. - Standard mission profile. Fuel reserves for (1) 7 per- 
cent of total mission fuel, (2) extention of 261 nautical miles at 
Mach 3, and (3) 30 minute hold at Mach 0.6. 

The fuel reserve for  the mission is sufficient to allow for (1) an additional 7 percent 
of the total mission fuel, (2) an extension of 261 nautical miles to an alternate airport at 
cruise altitude and Mach number, and (3) a 30-minute hold at 15 000 feet altitude at 
Mach 0.6. An additional fuel allowance was incorporated in the mission fuel for  a 25- 
minute idle prior to takeoff as well as 1 minute of maximum augmentation power applica- 
tion prior to takeoff roll. To simplify the calculations, it was assumed that the descent 
time and range remained constant for  all cases at 25 minutes and 400 nautical miles, re- 
spectively, with fuel consumption calculated with engines idling. 

Ai  rf rame 

The aerodynamics used for  this study w e r e  based on wind-tunnel data supplied by 
NASA Langley Research Center for the SCAT 15F, an advanced fixed-sweep arrow-wing 
supersonic-transport configuration similar to the one shown in figure 2. 

Changes in the various inlet parameters resulted in a change in number of passen- 
gers. The fuselage was allowed to lengthen o r  shorten to accommodate more o r  less 
passengers. Appropriate structural weight and drag penalties o r  benefits are accounted 
for  with payload variations. The fuselage weight was assumed to vary with length ac- 
cording to the curve presented in figure 3 (from ref. 4). The fuselage-weight term does 
not include the weight of passenger furnishings and services, emergency equipment, 
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Figure 2. - Typical supersonic transport configuration. 

Figure 3. -Variation of fuselage weight with 
length (from ref. 4). 

air conditioning, etc., all of which are functions of 
the passengers aboard. In this analysis, each addi- 
tional passenger was  considered to require 116 pounds 
of furnishings and other equipment plus 200 pounds for 
the passenger and baggage. 

The form of the Langley aerodynamic data was 
modified in order to evaluate the effect of changes in 
fuselage length. The associated change in airplane 
drag was assumed to be equal to the net change in 
skin-friction drag of the fuselage when viewed as an 
isolated element. However, the effect on the total 
airplane drag was  nearly negligible. 

to drag ratio for a typical configuration would be 9.2. 
The drag incorporated into this ratio is the total drag 
and includes engine drag. The airframe is carefully 
designed and area ruled to minimize the drag and 
sonic-boom overpressure profile. 

A representative value of the Mach 3 cruise lift 
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Engines 

A single-spool afterburning turbojet with a design compressor pressure ratio of 10 
and a turbine inlet temperature of 2100' F was  the engine used throughout the investiga- 
tion. Studies in reference 5 indicate that this pressure ratio would be nearly optimum 
for this turbine-inlet temperature. The maximum afterburner temperature in all cases 
was 3000' F. Takeoff was  at the maximum dry, o r  unaugmented, power setting. The 
noise level was calculated to be 119 perceived noise decibels (PNdB) at a distance of 
1500 feet from the centerline of the runway at the start of takeoff roll, when the effects 
of engine shielding and ground attenuation are considered. Afterburning was not used 
during takeoff because the noise produced by the maximum unaugmented power setting 
was deemed to be the maximum acceptable level of airport noise. Afterburning was ini- 
tiated at an altitude of 36 000 feet where the transonic threshold is encountered and wave- 
drag increases rapidly. Afterburner gas temperature remained at 3000' F until 
Mach 2.8, at which point it was  gradually reduced to 2540' F at Mach 3 and 60 000 feet 
altitude prior to entering the cruise mode of operation. Without this afterburner gas- 
temperature reduction beginning at Mach 2.8, excessive thrust minus drag margins 
would have resulted during climb, thus creating computational difficulties when the equa- 
tions of motion are integrated. 
mined by maximizing the Breguet factor. 

were matched to satisfy the relations involving continuity of flow, engine rotational 
speed, and power balance between the compressor and its driving turbine. When the en- 
gine performance w a s  calculated, the total installation drag was taken into account as a 
thrust degradation of the engine. 
variable geometry convergent-divergent ejector type. 
which was  adjusted to incorporate nozzle boat-tail drag, was  included in the performance 
calculations as a function both of free-stream Mach number and engine power setting. 
"Installed-engine performance" refers  to the engine performance that has been adjusted 
to include thrust degradation resulting from total installation drag, internal nozzle per- 
formance, and external boat-tail drag. The total installation drag is the drag of the 
inlet-nacelle combination based on an isolated engine concept. 

The afterburner temperature during cruise was  deter- 

In calculating the engine design and off-design performance, the engine components 

The nozzle considered for the turbojet engine was  a 
The nozzle thrust coefficient, 

Reference Inlet 

The effect of inlet parameters will  generally be shown in terms of perturbations 
from the performance of a reference inlet. A typical mixed-compression inlet-nacelle 
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combination and the drags investigated are shown for an afterburning turbojet engine in 
figure 4. The inlet is assumed to be an axisymmetric inlet with a translating centerbody 
for engine-airflow scheduling. This type of inlet has an estimated inlet-total-pressure 
recovery at the compressor face for  changing flight Mach numbers as shown on figure 5. 
This pressure-recovery schedule in conjunction with the typical supersonic-turbojet 
engine-airflow schedule (fig. 6) is used to calculate the inlet capture area and the various 
inlet drag coefficients when the inlet and engine are assumed to be operating at free- 
stream flight Mach number conditions. A method for estimating the various drag coeffi- 
cients is discussed in the appendix. 

Figure 7 shows the drag coefficients as a function of free-stream flight Mach number 
of the inlet used for the reference case. The sensitivity of payload to variations of these 
coefficients was determined. However, the placement of the inlet nacelle and engines on 
the supersonic transport is such that they will operate in the shock field of the wing, 

Cowl lip- ,-Capture area 

celle-skin-friction drag 

Total length Shock wave -’ 

Figure 4. - Schematic drawing for inlet-nacelle reference configuration. 
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Figure 5. - Reference-inlet-pressure recovery at free-stream flight 
Mach number. 
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Figure 6. - Afterburning turbojet corrected engine airflow. Maximum 
design turbine-inlet temperature, 2100" F; design compressor pres- 
sure ratio, 10. 
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Figure 7. - Drag characteristics of reference inlet based on inlet capture 
area at Mach 3. Total drag coefficient equal to excess-flow plus nacelle- 
skin-friction plus nacelle-wave plus cowl-lip-wave plus bleed drag ccef- 
ficients. 
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which results in a lower local Mach number. The inlet performance parameters of this 
analysis are based on free-stream flight Mach numbers. When the data of this report are 
used to evaluate inlets with performance parameters based on local Mach numbers less 
than free stream, these parameters must be referred to free-stream flight Mach num- 
bers before the effect of inlet performance perturbations on the payload is determined. 

The linear variations of the drag coefficients with flight Mach number closely re- 
semble the actual variation of the individually calculated drag coefficients, which are 
shown in the appendix. The drag coefficients include excess-flow (a combination of 
oblique shock o r  bypass spillage), boundary-layer-bleed, cowl-lip and nacelle-wave, and 
nacelle-skin-friction drag coefficients. The total-inlet-nacelle installation drag coeff i- 
cient (also shown in fig. 7) is obtained by adding the drag coefficients after they have been 
referred to a common reference capture area A,. Each inlet performance parameter 
was varied independently, which is not normally the case but such an assumption was 
necessary for  this study. 

Instal led Engi ne  Perfor ma nce 

Installation of the turbojet into an inlet-nacelle combination has a significant effect 
on the engine performance when the inlet-nacelle installation drag is accounted for as a 
reduction in engine performance. Figure 8 shows installed and uninstalled performance 
of the afterburning turbojet. The installed engine performance is that which includes the 
thrust degradation resulting from the inlet-nacelle installation drag, while the uninstalled 
performance includes only the reference-inlet-pressure recovery and the actual nozzle. 
Figure 8(b) presents the specific impulse for the mode of operation that is used during 
takeoff, climb-acceleration. The engines are operating in the manner previously de- 
scribed. The effect of installation drag with Mach number on engine specific impulse can 
be seen. At flight Mach 1.2,  an 8-percent specific-impulse decrease results, while at 
Mach 2.8, a 6-percent specific-impulse decrease from the installation drag results. The 
decreasing effect of installation drag with increasing Mach number results from the 
change of excess-flow drag with Mach number. 

At Mach 3 cruise, the afterburner temperature is reduced below the level used for 
climb. The part-power Mach 3 cruise engine specific impulse as a function of net thrust 
is shown in figure 8(b). The decrease in specific impulse due to the engine installation 
drag varies with thrust setting: it is 15 percent lower at the lowest power setting and 
5 percent lower at the highest thrust setting. The peak specific impulse occurs without 
afterburning at the design-turbine-inlet temperature of 2100' F. Points to the left of the 
peak represent conditions of lower, off -design, turbine-inlet temperatures, still without 
afterburning. Points to the right of the peaks, going from left to right, represent condi- 
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Figure 8. -Effect of installation drag on specific impulse. Afterburning 
turbojet engine maximum turbine inlet temperature, 2100" F. 
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tions of maximum design-turbine-inlet temperature with increasing afterburner tempera- 
tures. 

Engine and Airframe Sizing 

Before it can be assumed that the engine and wing sizes, which maximize payload, 
produce the optimum airplane, certain performance criteria must be investigated. Ref - 
erence 4 indicates that a wing loading of 73 pounds per square foot and a takeoff thrust to 
weight ratio of 0.26 maximize the number of passengers. However, certain performance 
criteria were not met when this optimum wing loading and engine size were used. Among 
these criteria are such parameters as lift-off distance and velocity as well as transonic 
acceleration. Because of these factors, the design airplane for this study was selected 
with a takeoff wing loading of 54.7 pounds per square foot and a takeoff thrust to weight 
ratio of 0.32 with a resulting payload of 208 passengers. These takeoff cri teria require 
a wing area of 8800 square feet and a sea-level static design-engine corrected airflow of 
490 pounds per second, both of which will remain fixed for the remainder of this report. 
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Figure 9. -Total fuel utilization schedule for reference mission. Total 
fuel, 216 926 pounds. 
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For this particular design, the lift-off distance on a standard day would be 4350 feet with 
a corresponding lift-off velocity of approximately 165 knots. 

authorities believe it should be at least 1.4 on a standard day. The engine and wing com- 
bination used in this study results in a minimum transonic thrust-drag ratio of 1.9. 

The maximum 
fuel flow rate occurs during the climb-acceleration portion of the mission when the turbo- 
jet engine is operating in a maximum afterburning mode. This, however, is only for  a 
short time. At cruise, even though the time is much greater, the fuel flow rate is less. 
Since the change in payload stems mainly from a change in mission fuel requirements, 
figure 9 shows the fuel utilization schedule against mission time fo r  the reference mis- 
sion shown in figure 1 (p. 4). Approximately 30 percent of the total fuel is used during 
the climb-acceleration to the Mach 3 cruise condition, while 51 percent is used during 
the cruise portion of the mission. Only 3 percent is used for letdown, and the remaining 
16 percent is allocated for reserves. Thus, the inlet parameters that affect the inlet 
performance during cruise will probably have a greater effect on payload than will inlet 
parameters that a r e  considered during the climb-acceleration portion of the mission. 

No firm minimum transonic thrust-drag F/D requirement exists today, but many 

The fuel used for  the mission is a function of fuel flow rate and time. 

RESULTS AND DISCUSSION 

Each of the inlet-nacelle performance parameters is considered separately to deter - 
mine the effect on the aircraft payload that is considered to be the important criterion for 
comparison. Based on the input of this study, a payload of 208 passengers for the refer- 
ence inlet-nacelle, engine, and airframe combination results. The payload-carrying 
capability of a fixed-ramp, gross-weight aircraft is an indication of the possible returns 
that can be realized by the airlines. The inlet parameters that were studied are con- 
sidered to cover the range of interest for the supersonic transport. 

I n I et -Tota I -P ressu r e  Recove ry 

The inlet-total-pressure recovery was varied from 0.75 to  0.95 at cruise and 
varied with flight Mach number, as shown in figure lO(a). Inlet-total-pressure recovery 
will vary with inlet type. A low recovery in the supersonic range can result from an 
all-external-compression inlet: a higher recovery is obtained from the internal- 
compression inlet. Also, inlet-total-pressure-recovery variations can result from an 
attempt to increase the inlet flow stability margins by using some internal compression. 
These inlets can be operated with the normal shock positioned downstream of the throat. 
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Figure 10. - Inlet-total-pressure recovery. 

At this point, a higher Mach number exists where the normal shock occurs, thus a 
greater total-pressure loss will result at supersonic flight speeds. The parametric per- 
formance curves are designated as A, B, and C (fig. lO(a)), where A is considered the 
most optimistic, B is the reference case, and C is the most pessimistic case (unless 
otherwise noted). 

Figure lO(b) shows that a payload decrease of 16 passengers resulted when the inlet- 
total-pressure recovery was  decreased to 0.75 from a reference value of 0.85 at Mach 3. 
The points presented in figure lo@) are for Mach 3 cruise only, but the pressure recov- 
ery of the inlets during the mission followed the schedule as a function of Mach number, 
as shown in figure lO(a). 

An alternate means of perturbing the inlet-total-pressure recovery is shown in fig- 
ure  l l(a),  where the reference schedule is multiplied by a factor of 0.98 and 1.02 over 
the entire Mach number range. A change of pressure recovery of this nature could re- 
sult from differences in designing boundary-layer-bleed systems, the s t ruts  that support 
the spike, subsonic diffuser passage, vortex generators, o r  different angles on the spike 
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Figure 11. - Inlet-total-pressure recovery. 

and lip, or,  no doubt, many other things. This decrease in recovery of 2 percent over 
the entire Mach number range results in a passenger decrease of 4, as shown in figure 
l l(b).  

Excess -FI ow D rag 

The excess-flow drag is the sum of spillage airflow by either the oblique-shock o r  
the bypass method. The oblique-shock method has the primary oblique shock detached 
from the inlet lip during off-design operation. The excess airflow, having passed through 
the oblique shock, spills around the inlet nacelle while still at supersonic velocity. How- 
ever, oblique-shock spillage may require excessive spike translation distance to accom - 
plish the required spillage, thus increasing inlet length and weight. In the bypass meth- 
od, the air is accepted into the inlet, diffused to subsonic conditions in the inlet, and 
then bypassed through ducts to the free stream in the vicinity of the compressor face. 
Large ducts are required to bypass the air, thus, increasing inlet size and weight. 
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Figure 12. - Excess-flow drag coefficient based on inlet 
capture area, combination of additive and bypass drag 
coefficient. 

The excess-flow drag coefficient that may be a combination of both methods was 
changed from a maximum of 0.24 to a minimum of 0.12 at the transonic Mach number of 
1 .2  and varied with Mach number, as shown in figure 12(a). An increase of 0.06 in the 
excess-flow coefficient at Mach 1 . 2  as shown on curve C (fig. 12(a)) resulted in a pay- 
load decrease of two passengers (fig. 12(b)). 

Mach 1 to 3 was short (12 min) and minimum transonic thrust-drag (F/D)min was still 
high (1.87), the fuel consumed increased by 1234 pounds when the transonic drag coeffi- 
cient was  increased by 0.06.  To fly the 3500 nautical mile mission, the aircraft used 
more fuel and range to climb to the optimum cruise altitude, thus it weighs less and 
cruises a shorter distance than the aircraft with the reference inlet. Since the total 
range of the mission is fixed, the cruise fuel requirement is decreased by 556 pounds. 
Therefore, the net fuel increase for the mission is 678 pounds, thus reducing the payload 
by two passengers. It should be noted that approximately 11 minutes of off-design opera- 
tion a r e  encountered during descent, but, as opposed to the high-fuel-flow rate during 

Because the flight time during the climb acceleration portion of the mission from 
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Figure 13. -Effect of transonic minimum thrust-drag 
ratio and excess-flow drag on number of passengers. 

climb-acceleration, the descent fuel flow is very low and these changes are considered 
negligible. 

have the high transonic thrust-drag margin of the SCAT 15F. If a configuration were de- 
signed that would decrease this margin to the minimum suggested value of l. 4, the effect 
of increasing the spillage drag coefficient by 0.06 would decrease the payload by four 
passengers, as shown in figure 13. Even though the effect on payload is twice the effect 
of the original configuration considered, the overall change in payload is still small. 

All the supersonic transport configurations that will be considered probably will not 

Bou nda ry-La ye r -Bleed Drag 

The drag of the boundary-layer system is based on the total momentum change and 
can vary considerably depending on the location and method of boundary-layer-bleed re- 
moval and the method used to discharge the bleed air into the free stream. Boundary- 
layer-bleed air removed prior to the normal shock wil l  have more momentum than wil l  
air removed after the normal shock. Also affecting the boundary-layer-air momentum 
is the method used to remove the air, that is, a scoop or  perforation. Of great impor- 
tance to the drag of the system is whether the bleed air is discharged axially, or  inclined 
with regard to the free stream, or whether the discharge nozzle is sonic or  fully ex- 
panded. A change in any of these conditions will affect the drag. 

The reference inlet has a boundary-layer-bleed drag coefficient of 0.035 at Mach 3. 
This coefficient corresponds to bleeding 7.5 percent of the inlet airflow at the conditions 
described in the appendix. The bleed of inlet airflow was  varied from 0 to 15 percent, 
which corresponds to an estimated variation in boundary-layer-bleed drag coefficient 
from 0 to 0.070 at Mach 3 cruise (fig. 14(a)). When the coefficient was  increased from 
the reference case B by 0.035 at Mach 3 (case C), which corresponds to a 7.5-percent 
bleed-flow increase, a decrease of 17 passengers resulted (fig. 14(b)). 
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Figure 14. - Bleed drag coefficient based on inlet capture area. 

Cowl-Lip and Nacelle-Wave Drag 

The cowl-lip and nacelle-wave drag a r e  affected by changes in inlet and nacelle 
geometry. It is recognized that, when a highly integrated airframe and propulsion sys- 
tem such as the SCAT 15F is considered, changing inlet-nacelle shapes could result in 
changes in the shock pattern that act on the external surfaces. These changes could be 
reflected in the airplane aerodynamics by a change in interference drag. However, these 
effects are outside the scope of this analysis. For simplicity, the calculations consider 
the wave drag coefficient of the inlet-nacelle combination as if it were an isolated nacelle 
(constant interference effects). However, this could also be interpreted for  an integrated 
airplane as an overall change in airplane drag coefficient reflecting favorable o r  unfavor- 
able inlet-nacelle interference drag that results from changes in nacelle geometry. 

The reference inlet was assumed to have no cowl-lip-wave drag and a 0.005 nacelle- 
wave drag, which was held constant (fig. 15(a)). The variation of the cowl-lip-wave drag 
was assumed to have characteristics similar to the nacelle-wave drag. The wave drag 
which can be considered as an increase in either cowl-lip o r  nacelle-wave drag was 
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Figure 15. -Nacelle and cowl-lip-wave drag coefficient, 

of passengers. 

based on inlet capture area. 

varied from 0 to 0.10 at the supersonic speeds, as shown.in figure 15(a). Figure 15(b) 
shows the large effect on the number of passengers. A 0.05 increase in the cowl-lip or  
nacelle-wave drag coefficient decreased the number of passengers by 21. The 21- 
passenger decrease corresponds to an added need for 6751 pounds of fuel to complete the 
mission (2078 Ib from the climb-acceleration phase and 4673 lb from the cruise phase). 
A s  shown in figure 10 (p. 13), the cruise portion of the flight time is the longest and ap- 
proximately 61 percent of the mission fuel is used during this period. Therefore, it 
should be noted that any compromise which affects the inlet performance during cruise 
should be carefully investigated. 
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Flight Mach number, M 

(a) Effect of Mach number. 

2 

(b) Effect of nacelle-skin-friction drag on number of passengers. 

Figure 16. - Nacelle-skin-friction drag coefficient, based on inlet cap- 
ture area. 

Nacelle-S kin -Friction Drag 

Nacelle-skin-friction drag is related to inlet-nacelle geometry. The length of the 
inlet is dependent on the method used to compress and diffuse the supersonic flowstream. 
A longer inlet is required if an all-internal-compression inlet is used. A longer inlet 
has a greater wetted surface area and, consequently, the skin-friction drag increases. 
An all-external-compression inlet has minimum length, and, conversely, skin-friction 
drag decreases. 

The skin-friction drag coefficient based on the reference-inlet capture area was per- 
turbed *O. 01 over the flight Mach number range (fig. 16(a)). An increase of 0.01 in drag 
coefficient resulted in a passenger decrease of 4, as indicated in figure 16(b). 

A total surface-area increase of 25 percent only increases the skin-friction coeffi- 
cient by 0.012 when the coefficient is referred to the inlet capture area A,. If the en- 
tire surface-area increase is a result of an addition to the inlet surface area only and A, 
remains the same, an inlet length 60 percent greater than the reference inlet is required. 
This significant inlet-length increase would decrease the payload by five passengers be- 
cause of the increased skin-friction drag. 

1.8 



In let Weight 

The type of inlet and degree of variable geometry are two of many factors that affect 
the inlet weight. The inlet weight is included as part of the total installed engine weight 
that also includes nacelle, gas generator, and nozzle and reverser weights. 

Figure 17(a) shows the effect of inlet-weight changes on the overall installed engine 
weight for various design-inlet to installed-engine weight ratios. For example, the total 
installed reference engine weight is 11 500 pounds per engine, and the reference inlet 
weight is 2300 pounds, hence, the ratio of design inlet to (installed) engine weight is 
20 percent. With a design-inlet to installed-engine weight ratio of 20 percent, a 20- 
percent increase in inlet weight increases the installed engine weight by 4 percent (fig. 
17(a)). A 4-percent increase in installed engine weight will decrease the payload by four 
passengers (fig. 17(b)). However, if the ratio of inlet to installed-engine weight were 
40 percent, a 20-percent change in inlet weight would increase the installed engine weight 

c- C m .- 

m m c 
m c 
V 

Change in  inlet weight, percent 

(a) Effect of inlet weight on installed engine weight. 

20, 

I 4 8 12 16 
Change in  installed engine weight, percent 

(b) Effect of installed engine weight on number of passengers. 

Figure 17. - Inlet weight. 
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by 8.0 percent (fig. 17(a)), and a decrease of approximately eight passengers would re- 
sult (fig. 17(b)). 

Summary of Effects of Inlet Perturbations on Payload 

Table I summarizes the effect on payload of perturbing the values of inlet parameters 
of the reference inlet (case B) to the inlet parameters represented by case C for an air- 
plane similar to the SCAT 15F configuration cruising at Mach 3. Consideration of the 
lower bound inlet parameters (i. e., incremental changes from case B to C) showed that 
cowl-lip and nacelle-wave drag, boundary-layer-bleed drag, and inlet-total-pressure re- 
covery had a greater effect on payload than did inlet weight, skin-friction drag, and tran- 
sonic excess-flow drag. 

To this point, only a Mach 3 cruise SCAT 15F configuration has been considered. To 
determine the effect of the inlet parameter perturbations on payload during cruise at a 
lower Mach number, the SCAT 15F airframe, engines, and inlets were redesigned to 
cruise at Mach 2.7. The drag characteristics were varied with Mach number, as shown 
in figure 18. Illustrated in this figure is the reference inlet case B. The same magnitude 
of variations of cases A and C of the inlet parameters at Mach 2.7 cruise was investigated 

TABLE I. - EFFECT OF INLET DEGRADATION ON PASSENGER 

LOAD OF SCAT 15F POWERED BY FOUR 2100' F 

AFTERBURNING TURBOJET ENGINES 

[Reference number of passengers, 208.1 

Perturbation 

Increase of 0.05 in cowl-lip o r  nacelle-wave 

Increase of 7.5 percent inlet flow in cruise 

Drop of 0.10 in cruise inlet-total-pressure 

Increase of 20 percent in inlet weight if 

drag coefficient 

bleed flow 

recovery 

Design inlet weight 
Design installed engine weight 

coefficient 

drag coefficient 

= 2o percent 

Increase of 0.01 in skin-friction drag 

Increase of 0.06 in transonic excess-flow 

Cruise 
~ 

Mach 3 I Mach 2.7 

Decrease in number of passengers 

21 

17 

16 

4 

4 

2 

25 

19 

26 

4 

5 

2 
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Figure 18. - Drag characteristics of reference inlet based on 
inlet capture area at Mach 2.7. Total drag coefficient equal to 
excess flow plus nacelle friction plus nacelle wave plus 
cowl lip wave plus bleed drag coefficients. 

as was done for the Mach 3 cruise. The results of incremental changes from case B 
to C are shown in table I. It is indicated that cruise inlet performance has greater effect 
on payload at Mach 2.7 than at Mach 3 cruise. In general, however, characteristics of 
the payload against inlet parameters do not change when the cruise Mach number is de- 
creased to 2.7. 

Comparison of Several Inlet Types 

Five different inlets were used to illustrate whether an  inlet, possibly with a higher 
pressure recovery but with more external drag, will enable the airplane to have a higher 
payload capability than will an inlet with a decrease in pressure recovery, drag, and 
possibly less weight. The inlets used as examples and schematically shown in figure 19 
are generally classified into five groups depending where the supersonic diffusion takes 
place. The inlets used were (1) external compression, (2) low-drag external compres- 
sion, (3) self-start external plus internal compression, (4) external plus internal com- 
pression, and (5) internal compression. These inlets have, for  the sample comparison, 
the approximate performance and weight characteristics, as shown in table It, in order 
to illustrate the use of the parametric curves to determine how changes in inlet perfor- 
mance and weight affect payload. The effect of the inlet-parameter perturbations from 
the reference inlet are expressed as a payload increment or decrement. When more than 
one inlet parameter is varied, the payload changes are added algebraically to the 208 pas- 
senger reference payload. The effect of the inlet perturbations are shown in table III. 
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TABLE II. - SAMPLE COMPARISON OF INLET TYPES 

Heading Inlet 

Pressure recovery at Mach : 
Change in pressure recovery 

Excess-flow drag coefficient 

Change in excess-flow drag 

Bleed flow, percent of inlet 

Bleed drag coefficient a t  

Change in bleed drag coeffi- 

Cowl-lip external angle, deg 
Cowl-lip-wave drag coeffi- 

cient at Mach 3 
Change in cowl-lip-wave drag 

coefficient 
Nacelle-wave drag coefficieni 

at Mach 3 
Change in nacelle-inlet-wave 

drag coefficient 
Nacelle -inlet skin-friction 

drag coefficient at Mach 3 
Change in nacelle-inlet skin- 

friction drag coefficient 
Relative inlet weight 
Change in inlet weight 

from reference 

at Mach 1.2 

coefficient 

airflow at Mach 3 

Mach 3 

cient 

Refer- 
ence 

~ 

0.85 
0 

. 18 

0 

7 

.035 

0 

0 
0 

0 

.005 

0 

.045 

0 

00 
0 

Externa 

0.80 
-. 05 

.06 

-. 12 

4 

.018 

-. 017 

28 
.10 

.10 

.0250 

,020 

.043 

-. 002 

.65 
-. 35 

Low-dral 
external 

0.80 
-. 05 

.06 

-. 12 

7 

.035 

0 

22 
.05 

.05 

. 010 

.005 

.045 

0 

.65 
-. 35 

~ 

Self-star 
mixed 

0.86 
.Ol 

.12 

-.06 

8 

.038 

.003 

4 
.Ol 

.Ol 

.005 

0 

.045 

0 

.83 
-. 17 

Mixec 

0.86 
.Ol 

.12 

-. 06 

10 

.04: 

.ox 

0 
0 

0 

.004 

-. 001 

.048 

.003 

1. 10 
.10 

Interna 

0.91 
.06 

.250 

.07 

15 

.070 

.035 

0 
0 

0 

0 

-. 005 
.055 

.OlO 

1.35 
.35 
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(a) External compression. 

-I 

(b) Low-drag external compression. 

(c) Self-start external and internal compression. 

(d) External and internal compression. 

I- - ~- -I 

(e) Internal compression. 

Figure 19. - Inlet compression systems. 

TABLE III. - INCREMENTS IN PASSENGERS AT MACH 3 CRUISE 

REFERENCE PAYLOAD OF 208 PASSENGERS 

Effect on number of passengers due to - 

Inlet-total-pressure recovery 
Excess-flow drag coefficient 
Bleed drag coefficient 
Cowl-lip-wave drag coefficient 
Nacelle-inlet-wave drag coefficient 
Nacelle-inlet skin-friction coefficient 
Inlet weight 
Total change in number of passengers 
Relative number of passengers 

Eefer- 
znce 

3 

1.000 

3xternal 

-7.0 
1.6 
6 .5  

-42.0 
-8.5 

1.0 
7 .5  

-40.9 
-803 

Low-drag 
external 

-7 .0 
1.6 
0 

-21.3 
-2.0 
0 
7 . 5  

-21.2 
.898 

Inlet 

Self-start 
mixed 

1.9 
1 .0  

-1.3 
-4.3 
0 
0 
3.7 
1 .0  
1.005 

Mixed 

1.9 
1 .0  

-5 .2 
0 

. 3  
-1.2 
-2.0 
-5 .2 

.975 
~ 

nternal 

8.7 
-2.4 

-17.0 
0 
2.0 

-4 .0 
-7 .0 

-19.7 
.90E 

‘igure 

11 

13 
15 
16 
16 
17 
18 

- 

23 



A comparison of the five general inlets is used to illustrate the use of the curves by 
assuming general performance characteristics for each inlet. This comparison shows 
that the self-starting mixed-compression inlet provided the greatest aircraft payload 
capability when installed on the afterburning turbojet engine. The performance assumed 
for  the all-external-compression inlet provided the lowest payload capability, while the 
other inlets, including the all-internal-compression inlet were between the self-starting- 
mixed and external-compression inlets when payload only was considered. The inlet that 
yields the maximum payload is important when only the economic aspects of the aircraft 
are considered; however, it is not necessarily the one to select. There are qualitative 
factors such as stability, complexity and reliability, self-starting, controllability, sen- 
sitivity to angle of attack, etc. The compromise in inlet performance and weight have to 
consider both the qualitative and economic factors involved. 

CONCLUDING REMARKS 

An analytical study was made to provide a means of evaluating various inlet designs 
on a fixed arrow-wing transport configuration. The curves presented permit inlets of 
different design to be evaluated in terms of design passenger carrying capacity. Exam- 
ples have been presented that illustrate the use of the curves. Various characteristics 
for different inlet designs were  assumed. The payload capability of the transport cruising 
at Mach 3 was  compared. 

tive to cowl-lip and nacelle-wave drag, boundary-layer-bleed drag, and inlet -total- 
pressure recovery, but less  sensitive to inlet weight, skin-friction drag, and transonic 
excess-flow drag. A decrease in design cruise Mach number from 3 to 2.7 did not 
change the general characteristics of the curves of inlet parameters as a function of pay- 
load; however, the cruise inlet performance has greater effect on payload during cruise 
at Mach 2.7 than at Mach 3. 

The results are probably most useful for comparison of inlets when considering air- 
craft with similar performance, weight, engine type, and configuration as the one used 
in this analysis. Similar trends, however, would be expected for other airframes and/or 
engines when the curves are used to approximate payload changes that result from inlet 
performance and weight trade-offs. 

The inlet parameters investigated showed that aircraft performance was  most sensi- 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 19, 1966, 
126-15-02-02-22. 
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APPENDIX - CALCULATION OF INLET-NACELLE DRAG COEFFICIENTS 

The approximate values of the reference-inlet and nacelle drag coefficients were cal- 
culated by analytical methods with the inlet-total-pressure recovery and engine-airflow 
schedules shown in figures 5 (p. 7) and 6 (p. 8), respectively. The analytical methods of 
predicting the variation of the drag coefficients as a function of Mach number and inlet 
and nacelle geometry have been substantiated by actual test data in the references 6 to 10. 
Each inlet drag coefficient was calculated separately, referred to a common reference 
area, and added to give the total installation drag coefficient. 

Excess-Flow Drag 

The axisymmetric mixed-compression reference inlet was sized to capture the entire 
free-stream tube at the Mach 3 cruise condition. At Mach numbers less than cruise, the 
excess airflow is spilled by a combination of oblique shock and bypass spillage. The 
oblique-shock-spillage airflow is limited by the maximum spike translation that, for this 
inlet, resulted in a cowl position parameter of 22'. This limit necessitated the spillage 
of some airflow through a bypass system that used a sonic nozzle discharge at a 15' angle 
relative to the free stream to reenter the airflow to the free stream. Figures 20 and 21, 
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Figure 20. - Additive-drag coefficient, based on inlet design 
capture area. Cone half angle, 15". 
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Bypass mass flow ratio 

Figure 21. - Bypass flow drag coefficient, based on in let  
capture area; exit, sonic nozzle. 

taken from references 6 and 7, respectively, were used to calculate the total excess- 
flow drag coefficient when the required engine-airflow schedule during off -design oper- 
ating condition is as shown in figure 6 (p. 7). The excess-flow drag coefficient as a 
function of Mach number based on an inlet capture area Ac is shown on figure 26. 

Bou nda ry-la ye r B leed-Flow Drag 

Boundary-layer bleed is usually required in all inlets in different amounts. In the 
mixed-compression inlet that was  considered, the boundary-layer bleed was  used to ob- 
tain greater flow stability and a more uniform pressure distribution at the compressor 
face. For the removal of the boundary-layer air, a system is required to duct air over- 
board through an auxiliary exit. The drag of the system was  based on the total axial 
momentum change between the discharge station and the free stream. The discharge was  
assumed to be through a sonic nozzle discharging in a direction axial to the free stream. 

Bleed drag coefficients were calculated for different system pressure losses Pb/Po, 
bleed-mass-flow ratios mb/mo, bleed- to capture-area ratio Ab/Ac (Ab is the area of 
the bleed duct where conditions exist such that the local speed is equal to the speed of 
sound), and free-stream Mach numbers. The resulting boundary-layer -bleed drag coef - 
ficients a r e  shown in figure 22 for  Mach 1.5, 2.0, 2.5, and 3.0. The drag coefficients, 
as presented, assume a bleed-discharge exit-nozzle thrust coefficient of 0.9. If the 
bleed nozzle thrust coefficient were  decreased, the drag penalty would be greater. 

Normally, the bleed- to capture-area ratio is fixed for a certain inlet design. The 
parameter Ab/Ac illustrates the increase in the bleed-system-pressure recovery re- 
quired to increase the bleed airflow if a variable bleed-area design is not feasible. 

.i 
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Figure 22. - Bleed drag coefficients. 
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Figure 23. -Empirical chart for estimating cowl lip-wave coefficients of cowls approaching an elliptic contour (ref. 8). 

28 



For the calculation of the boundary-layer-bleed drag coefficient of the reference in- 
let, a bleed-airflow-mass ratio mb/mo of 0.075 was  required at Mach 3 cruise condi- 
tions. The boundary-layer-bleed airflow decreased linearly to zero airflow at Mach 1.0. 
A bleed-system total-pressure-recovery ratio Pb/Po of 0.75 and a bleed- to free- 
stream-area ratio Ab/Ao of 0.0275 resulted in a boundary-layer-bleed drag coefficient 
as a function of Mach number (fig. 26). 

Cowl-Lip and Nacelle-Wave Drag 

The calculations consider the wave drag coefficient of the inlet nacelle as an isolated 
nacelle. It should be recognized that, when a highly integrated airframe and propulsion 
system such as the SCAT 15F are considered, the inlet-nacelle geometry changes could 
result in changes in the airplane aerodynamics by a change in interference drag. How- 
ever, for simplicity, interference drag was assumed to be constant for this study. 

For illustrative purposes, the cowl-lip and nacelle-wave drag coefficients were cal- 
culated as two independent parameters. For these separate wave-drag-coefficient calcu- 
lations, it was  assumed that the cowl lip ended 10 inches from the leading edge of the in- 
let lip, while the remaining length of the part where the area is changing was  accounted 
for as nacelle-wave drag. 

The reference mixed-compression inlet has some degree of external compression; 
therefore, the supersonic flow must be turned on the ramp side of the inlet. The degree 
of turning depends on the amount of external compression. To accomplish this turn, the 
inlet required a curved cowl lip that resulted in a pressure or wave drag when the pres- 
sure was integrated over the external surface of the changing area. 

The wave drag coefficient of a cowl lip that has an elliptical contour is shown in 
figure 23 (from ref. 8). 
projected cowl area to maximum cross-sectional area of 0.0528. The cowl-lip-wave 
drag coefficient for different Mach numbers is shown in figure 26. 

is the remaining area increase from the maximum cowl-lip area to the maximum engine 
nacelle area, which for this analysis is the engine accessory compartment. The nacelle- 
wave drag coefficient for  a slender conical forebody is shown in figure 24 (from ref. 9). 
The variation of the nacelle-wave drag coefficient for the reference nacelle-inlet combi- 
nation as a function of Mach number is also shown in figure 26. 

The initial cowl-lip angle f o r  the inlet was  20' with a ratio of 

The area change in the supersonic flow field, which causes the nacelle-wave drag, 
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Figure 24. - Wave drag coefficient for slender conical fore or after- 
bodies based o n  maximum nacelle area, Amax, N; cowl length/ 
{maximum nacelle radius [(flight Mach numbed2 - 1.0]1’2}, 

Lc/(rmax, KI (ref. 9). 
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Figure 25. - Turbulent skin-friction coefficient based on wetted 
area (ref. IO). 
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Figure 26. - Calculated drag coefficients of reference inlet, based on 
in let  capture area at Mach 3. 

Skin -Friction Drag 

The skin-friction drag is affected by a number of factors such as laminar or  turbu- 
lent boundary layer, Mach number, Reynolds number, and static-pressure gradient. 
Generally, the boundary layer is assumed to be turbulent and the surface smooth. The 
skin-friction drag coefficient for turbulent flow for several altitudes is shown in figure 25 
(ref. 10). The coefficient is shown based on the square feet of total surface area. The 
total surface a rea  was calculated by assuming the inlet-nacelle combination of a truncated 
conical forebody and a cylindrical afterbody. 
ficient was referred to the inlet capture area and is shown as a function of Mach number 
in figure 26 for  the typical flight path (see fig. 1). 

The corresponding skin-f riction drag coef - 
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